The coding region of the herpes simplex type 1 (HSV-1) virus thymidine kinase gene (tk) has been used extensively as a reporter sequence in cell transfection (30, 45) and was one of the first reporters used in work with transgenic animals (8, 43, 44) . More recently it was adopted as a component of a system for destroying (ablating) specific cell types in transgenic animals (4, 5, 22) . The basis of the procedure is to place HSV-1 tk under the control of a tissue-specific promoter and introduce the compound gene into the mouse genome. HSV-1 thymidine kinase (TK) is expressed in target tissues when the promoter becomes active. At this time, target cells may be killed by administering an antiherpetic agent to the transgenic mouse. Several potentially useful antiherpetic agents are available, the most effective of which seems to be Ganciclovir (9-[1,3-dihydroxy-2-propoxy(methyl)]-guanine [DHPG] ). The agent is phosphorylated quite efficiently by HSV-1 TK, and the phosphorylated DHPG derivatives are lethal to the cell. DHPG is phosphorylated very inefficiently by cellular nucleoside kinases, and this explains its lack of toxic effects on nonexpressing tissues and nontransgenic animals.
In addition to an agent which is nontoxic to nonexpressing cells, the ideal ablation system would employ an enzyme which has no deleterious effect in the absence of the agent. The apparent lack of deleterious effects of HSV-1 TK (4) is * Corresponding author.
quite surprising in view of its nonphysiological mode of action: unlike the major cellular enzyme, it phosphorylates cytidine as well as thymidine (11, 26) , and it also phosphorylates pyrimidine nucleotides (10, 41) . We reported previously that in combination with a mouse major urinary protein (MUP) gene promoter sequence, HSV-1 tk was expressed in the testis and caused male sterility (1) . We have now coupled HSV-1 tk to other promoters and find that it is invariably expressed in the testis. The severity of the defect in spermatogenesis correlates positively with the level of TK expression.
MATERIALS AND METHODS
Plasmid constructs and transgenic mice. The different hybrid genes with animal promoters and the HSV-1 tk coding region are described elsewhere (1, 2, 44a, 44b) . All contain the same 1,759-bp fragment of HSV-1 tk between a BglII site in the 5' noncoding region and a BstEII site 430 bp downstream of the polyadenylation signal (Fig. 1) . The BglII site was joined to each cellular promoter at a site in the 5' noncoding region of the transcription unit and in each case the bacterial supF gene was attached beyond the BstEII site as described previously (1) . The 1,887-bp EcoRI-BstEII fragment of HSV-1 tk (Fig. 1 ) was excised from plasmid pTK1 (46) . DNA RNA analysis. Testis RNA was prepared and Northern (RNA) blot analysis was performed as described previously (1) . The probes used were (i) pTK1, which could react with up to 1,256 nucleotides of full-length transcript (BglII site to polyadenylation site), (ii) probe A (Fig. 1) , an 841-bp PstI fragment of pTK1, and (iii) probe B, RNA transcribed from a 419-bp EcoRI-EcoRV fragment of HSV-1 tk (-80 to +339) cloned in pT7-2 (U.S. Biochemicals). Primer extension analysis was carried out as described previously (16) , using as primer a 5'-end-labelled (32) 23-nucleotide oligonucleotide complementary to the region from +369 to +347 of HSV-1 tk. RNase protection assays were carried out as described previously (28) with use of probe C (Fig. 1 Some lines of each series were extensively screened for expression in other tissues. Low-level expression of MUP promoter constructs was very occasionally found in the lachrymal gland. Other tissues were negative. Although all of the constructs carried the bacterial supF gene, this was not the cause of their expression in the testis: a construct identical to BS6-tk-supF but without the supF gene was expressed in the testis at similar levels (1) . The data thus confirm our conclusion (1) that sterility correlates with expression of HSV-1 TK in the testis, not with expression in the liver (constructs BS6Sau2-tk-supF and TG-tk-supF) or in the preputial gland (constructs BS2-tk-supF and TG-tksupF).
Truncated forms of HSV-1 tk RNA and HSV-1 TK protein are expressed in testes of transgenic mice. We reported previously that two main size classes of HSV-1 tk-specific RNA were present in testes of transgenic mice carrying BS6-tk-supF (1). A 900-bp transcript, first observed by Roberts and Axel (39), was not labelled by an antisense probe ( Fig. 2A and C, lane 1) and must therefore be a reverse transcript, possibly related to a reverse transcript previously observed in cells infected with HSV-1 (18, 25) . Line L78 carries a full-length copy and a second truncated copy of the 5' end of the BS6-tk-supF gene (2) . L78 uniquely has a third short (500-bp) testis transcript ( Fig. 2A Fig. 1 ) and the second methionine codon (M46; Fig. 1 ). The same 5' ends were observed in experiments with testis RNA from transgenic mice carrying BS6-Sau2-tk-supF and TG-tk-supF (Fig. 3,  lanes 10 and 12) .
In L46, the BS6-tk hybrid gene was highly expressed in both the testis and the male preputial glands. We examined the pattern of anti-TK antibody-reactive polypeptides in extracts of these two tissues. Several polypeptides present in a standard preputial gland extract reacted with anti-TK antiserum (Fig. 4, lane 3) . The most prominent was a proteolytic product, since it was absent when the extracts were prepared in the presence of protease inhibitors (Fig. 4 , lanes 4 to 6). In the presence of protease inhibitors (19) , the most prominent component was the full-length MrA43,000 (43K) HSV-1 TK. A similar amount of a 37K polypeptide and a smaller amount of a 39K polypeptide were also present. These polypeptides are present in cells infected with HSV-1 (31) . The truncated forms are due to initiation of translation at two internal ATG codons corresponding to M46 and M60. They were produced in increased amounts when Ml was deleted (20) or if a stop codon was introduced between Ml and M46 (19, 23) , and at least one of them has TK activity (12, 19) . The origin of an additional 35K polypeptide is not known, but it is also observed in extracts of HSV-1-infected cells and may result from initiation at the fourth ATG codon of the reading frame, M85. Overall, the pattern of polypeptide expression in the preputial gland was similar to that observed in HSV-1-infected cells (Fig. 4, lanes  1 and 6) .
The testis pattern was unaffected by the addition of protease inhibitors, indicating that testis extracts do not proteolyze HSV-1 TK (Fig. 4, lanes 7 to 10) . The predominant components were the 39K and 37K polypeptides, consistent with the initiation of transcription between ATG1 and ATG2. In most cases full-length (43K) HSV-1 TK was not observed, but in some experiments a very small amount of antigenically reactive protein migrated with the appropriate mobility. This may represent the translation of a small amount of the 43K protein from rare transcripts initiated upstream of ATG1. Testis RNA from lines carrying MUP gene constructs contains a small amount of transcript which may originate within the MUP promoter sequence upstream of the TATA box (Fig. 3, lanes 6, 9 and 10 , marker A). Similarly, the RNA from TG-tk-supF mice shows a protected band at the point at which homology between probe and target ends, presumably derived from transcripts originating upstream of the junction (Fig. 3, lane 12, marker C) . These longer transcripts, which are present in very small amounts relative to the shorter transcripts, may account for the production of small amounts of full-length HSV TK.
Since the testes of transgenic mice carrying different HSV-1 tk constructs contained the same truncated RNA transcripts, it was expected that they would also contain the same HSV-1 TK polypeptides. This was found to be the case. Testis extracts from five different transgenic lines which carry the BS6-tk-supF hybrid gene (lines L40, L46, L58, L64, and L78) and from lines carrying the different constructs listed in Table 1 exhibited the same pattern of truncated HSV-1 TK polypeptides (Fig. 5) .
Expression of a promotorless HSV-1 tk gene in testes of transgenic mice. The identical patterns of aberrant transcription in the testes of transgenic mice carrying HSV-1 tk with different tissue-specific promoters suggested that the cellular promoters are not involved in the initiation of transcription in the testis. To test this possibility, an 1,887-bp EcoRIBstEII fragment (-79 to +1808) of the HSV-1 tk gene (Fig.  1 ) was excised and introduced into the mouse genome by microinjection. This fragment (HSV-1 tkDS2-) terminates at the same 3' site in the HSV-1 genome as the HSV-1 tk fragment used in the constructs listed in Table 1 . At the 5' end it carries the HSV tk TATA box, but it lacks the more distal of two upstream control elements which are both required for full expression of the gene in frog oocytes and HSV-1-infected cells (14, 34) . Removal of the distal element by deleting the 5' end of the gene down to position -85 reduces expression in frog oocytes by approximately 20-fold (33) .
HSV-1 TK expression was measured in four Go transgenic males carrying the HSV-1 tkDS2-fragment and in male transgenic offspring of a Go female (founder of line TK16). Three of the Go males and the line TK16 males expressed HSV-1 TK at moderate to high levels in the testis (Table 3) . Expression in other tissues was sporadic and, other than in the brain and lachrymal glands of TK16 males, at very low levels. Two of the expressing males were fertile nontransmitting, like many Go males carrying tk constructs (1). Such males are probably mosaics with nontransgenic precursor cells in their germ line (see below). The third expressing Go male and line TK16 males were sterile (Table 3 ). In nuclease protection experiments, testis RNA from line TK16 showed the same pattern of 5' ends within the HSV tk coding region as did testis RNA from mice carrying the promoter constructs (Fig. 3, lane 11) . Furthermore, line TK16 testis contained the same shorter HSV TK polypeptides that were observed in the testis of those mice (Fig. 5, lane 5) . These results argue convincingly that the expression of HSV-1 TK in the testes of transgenic mice is not due to the various tissue-specific promoters when these are present. Instead, it appears to be due to a cryptic promoter within the HSV-1 tk reporter gene, located downstream of the TATA box-containing promoter which is utilized during HSV infection.
Sites of HSV-1 TK expression in the testis. To determine whether HSV-1 TK is expressed in spermatogenic cells or in ancillary cells, sections of testis from mature male transgenic mice were immunostained with anti-TK antiserum as the primary antibody. The sections consistently showed expression in the postmeiotic haploid spermatids (Fig. 6) . No evidence was obtained of expression at earlier stages of spermatozoan development or in Sertoli cells, and staining was observed only rarely and sporadically outside the tubules.
Developmental onset of HSV-1 TK expression. During postnatal development in the male mouse, some germ cells in all of the testicular tubules begin to advance toward the first meiosis at about the same time (35) . The first spermatocytes in meiotic prophase are observed between 8 and 10 days after birth. Between days 10 and 12, the most advanced cells observed are in mid-pachytene; at 15 to 17 days, 30% of tubules contain cells in late pachytene; and at 22 to 24 days, spermatids are observed for the first time in about 35% of tubules. Thus, by assaying the testis at different times during the first 3 weeks of life, an indication can be obtained of the developmental stage at which a gene product is first formed.
At 7 days after birth, when the testis first becomes large enough to permit the assay, the specific HSV-1 TK activity (units per milligram of testis protein) was significant (Fig. 7) . (35) . At about 21 days, the time at which the first haploid spermatids appear, a more abrupt increase in HSV-1 TK activity occurred. This finding suggests that there may be renewed expression in the round spermatids, a stage at which de novo synthesis of spermiogenesis-specific proteins is frequently observed (17, 21, 36, 40) . Effects of HSV-1 TK expression on spermatogenesis. In lines which expressed HSV-1 TK at a low level, the male mice were fertile. One of seven BS2-tk-supF lines and two of six BS6-tk-supF(TR) lines had relatively low levels of HSV-1 TK expression and were male fertile, and males transmitted the foreign gene to their progeny (Table 1 ). This finding suggests that sterility ensues only above a threshold level of HSV TK (7). However, the highest level of expression among the male-fertile lines was five times less than the lowest level among male-sterile lines This large discontinuity raises the possibility that there are two modes of expression of HSV-1 tk in the testis, for example two independent mechanisms of transcriptional activation or possibly expression in two different cell lineages. If so, it is possible that only one of the two modes is active in the male-fertile lines while the other causes sterility.
Although the levels of testis expression due to different constructs were similar when averaged over several lines, different lines carrying the same construct exhibited substantial differences. Three transgenic lines carrying the BS6-tksupF gene were therefore examined. Line L78 mice have an intermediate level of expression in the testis (62 U/mg of protein). In L78, development of the spermatozoa appeared normal (Fig. 6) . The sperm counts of L78 mice were also normal, but the motility of the spermatozoa was reduced and furthermore faded very rapidly in vitro.
In lines L40 and L46, which have a high level of HSV TK expression in the testis (140 U/mg of testis protein), testis weight was lower than in nontransgenic controls and the sperm content of the epididymides was lower by a factor of 25 to 500 (Table 4 ). Very few sperm were found in the vas deferentia of these animals and those observed had very abnormal morphology and were nonmotile (Fig. 8) . Thus the severity of the spermatogenic lesion is greater when the expression level of HSV-1 TK in the testis is higher.
Sterility of Go transgenic males. In the lines that express moderate levels of HSV-1 TK and produce normal numbers of nonmotile sperm, the heterozygous male offspring of transgenic females were sterile although half of the sperm should not carry the foreign gene. This outcome could be expected if the lesion which results in sperm incapacitation occurs prior to meiosis. However, the cells descended by mitosis and meiosis from each committed spermatogonium remain together as a syncytium with cytoplasmic bridges between the cells (6). Transfer of HSV TK across the bridges could be expected to lead to complete sterility of heterozygous males even if the lesion due to HSV-1 TK expression occurred only in the haploid spermatids (7). In cells infected with HSV-1 carrying a deletion that removes the first ATG codon of the tk reading frame, the second and third ATG codons are utilized more efficiently (19) . The truncated HSV-1 tk RNA molecules synthesized in the testis lack the first ATG codon, and to this extent they are equivalent to the mRNA synthesized from the deletion mutant. Accordingly, the most abundant HSV-1 TK polypeptide in the testis comigrates with the most abundant TK polypeptide (37K) present in cells infected with the deletion mutant (19) . Translation of the 37K polypeptide is presumed to be initiated at M', the third methionine of the reading frame, which lies within the strongest translational initiation consensus of the first three ATG codons. M' lies within a region of the enzyme shown by site-directed mutagenesis to be the ATP-binding pocket (29) . Consequently, the enzymatic activity of the 37K protein is likely to be less than that of full-length TK, and the level of TK expression in the testis may be considerably higher than indicated by enzyme assays. Supporting this view, the level of HSV-1 tk mRNA in testis RNA is disproportionately high relative to that in preputial gland RNA in comparison with the ratio of TK activities in the two tissues (1) .
TK expression in the testis causes sterility. We previously concluded that male sterility in mice carrying an HSV-1 tk reporter gene was due to a high level of ectopic HSV-1 TK expression in the testis (1), and this was recently confirmed (7). The results presented here strengthen our previous conclusion. While the truncated HSV-1 tkDS2-gene caused male sterility (Table 3) , transgenic mice carrying the HSV-1 tk gene with the promoter region intact were male fertile (7) . Thus, the property of causing sterility seems to be neutralized by the HSV-1 tk promoter. In these fertile mice, the onset of TK expression was at a later stage in sperm development and the level of enzyme activity attained was lower than in sterile mice with similar levels of HSV-1 tk mRNA (7) . This finding suggests that the effect of the HSV-1 tk promoter was to postpone expression of the gene to a later stage in spermatocyte development when protein synthesis is less vigorous. Since transgenic mice which exhibit a low level of TK expression in the testis are fertile (Table 1) , the fertility of the mice that carry the HSV-1 tk gene with its promoter intact may be due simply to reduced enzyme activity.
The ectopic expression of HSV-1 tk in the testis has in the past led to erroneous conclusions being drawn. In one case, male sterility in mice transgenic for a cosmid containing the major histocompatibility complex class II (37) . However the cosmid also carried an HSV-1 tk gene, and sterility was later found to be due to the expression of this gratuitous component of the construct (7). In another case, a metallothionein-1B-interferon-tk foreign gene caused male sterility, which was attributed to the expression of 1-interferon (24) . HSV-1 TK activity at levels similar to those we have observed was detected in the testes of the transgenic mice, and it was not convincingly demonstrated that 13-interferon rather than HSV-1 TK was the cause of sterility.
Impaired fertility has been reported in transgenic mice carrying HSV tk directed by the immunoglobulin gene promoter and enhancer (22) . Although it is unlikely that testis expression of HSV tk influenced the ablation of the lymphocytes by DHPG or of the somatotrophs of mice carrying a growth hormone promoter-HSV tk reporter gene (5), it is clearly an undesirable potential complication in experimental animals.
Causes of male sterility. Our data indicate that sterility in mice with an intermediate level of TK expression may be due to expression in the postmeiotic spermatids. Since mammalian sperm do not undergo postmeiotic mitosis, this would exclude effects involving the synthesis of DNA, such as hypermutation. The nonmotile sperm produced by these sterile mice are present in normal numbers and are mainly normal in appearance, suggesting that their lack of riiotility may be due to an impoverished energy source. HSV-1 TK is an aggressively promiscuous nucleoside kina'se, is only poorly susceptible to end-product inhibition, and vigorously phosphorylates mononucleotides as well as nucleosides (10, 41) . Extracts of transgenic testis show elevated levels of both nucleoside kinase and nucleotide kinase activity (34a). Normal mouse sperm remain motile for several hours in the absence of an exogenous energy source, suggesting that they possess a sizable energy store (9) . Thus, the lack of sperm motility may derive from a failure of energy storage due to ATP depletion during maturation.
The gross morphological defects and almost complete failure of sperm maturation that are observed in mice with higher levels of testis HSV-1 TK activity are likely to have a more radical cause. Possibly the low-level TK activity present prior to the first meioses, and tentatively attributed to expression in premeiotic germ cells, interferes with DNA synthesis or some other vital cellular function in lines with higher levels of expression but not in lines with intermediate expression levels.
